Interannual variability in the volumetric water mass distribution within the North Atlantic subtropical gyre is described in relation to variability in the Atlantic Meridional Overturning Circulation. The relative roles of diabatic and adiabatic processes in the volume and heat budgets of the subtropical gyre are investigated by projecting data into temperature coordinates as volumes of water using an Argo based climatology and an ocean state estimate (ECCO v4). This highlights that variations in the subtropical gyre volume budget are predominantly set by transport divergence in the gyre. A strong correlation between the volume anomaly due to transport divergence and the variability of both thermocline depth and Ekman pumping over the gyre suggests that winddriven heave drives transport anomalies at the gyre boundaries. This winddriven heaving contributes significantly to variations in the heat content of the gyre, as do anomalies in the air-sea fluxes. The analysis presented suggests that wind forcing plays an important role in driving interannual variability in the Atlantic meridional overturning circulation, and that this variability can be unraveled from spatially-distributed hydrographic observations using the framework presented here. 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 The Atlantic meridional overturning circulation (AMOC) is commonly defined in the depth-40 latitude plane as the large-scale hemispheric exchange of northward-flowing warm and saline sur-41 face waters with compensating southward-flowing cold and fresh deep waters (Talley 2013). The 42 resultant northward heat transport within the North Atlantic affects both the long-term climatic 43 state over northern Europe (Trenberth and Caron 2001; Johns et al. 2010), and the interannual 44 climate variability across the North Atlantic basin (Maidens et al. 2013). This interannual vari-45 ability can be very pronounced. In 2009-2010 for example, an observational estimate at 26 • N 46 revealed a temporary reduction in the AMOC strength from a mean of 18.5 Sv (2004-2009) to 47 12.8 Sv between 2009 and mid-2010 (1 Sv=1×10 6 m 3 s −1 ) (McCarthy et al. 2012). It remains 48 unclear whether this change occurred due to local atmospheric forcing anomalies (Roberts et al. 49 2013; Buckley et al. 2014; Yang 2015), or through remotely forced changes in the overturning 50 (Cunningham et al. 2013; Sonnewald et al. 2013; Bryden et al. 2014).
1. Introduction b. Calculation of water mass volume and diathermal transformations 154 The methods described here are based on the water mass framework of (Walin 1982) applied to 155 a time varying ocean (Evans et al. 2014; Zika et al. 2015) . The volume of water within a given Θ 156 class, delimited by Θ * ± ∆Θ/2, is given by
where Π is a boxcar function that is either 1 when Θ(x, y, z,t) is within the Θ * ± ∆Θ/2 range, or 158 otherwise 0. For simplicity this is written in Cartesian coordinates, but in practice these formula 159 are expressed in spherical polar coordinates. We compute V in the Atlantic between 26 • N and into the Θ * ± ∆Θ/2 class can be written as G(Θ * ,t) = g(Θ * − ∆Θ/2,t) − g(Θ * + ∆Θ/2,t) with 171 g(Θ * − ∆Θ/2,t) = Θ * −∆Θ/2 1 |∇Θ|
where Θ * −∆Θ/2 dA is the area integral over the isothermal surface where Θ(x, y, z,t) = Θ * − ∆Θ/2 sea fluxes that allow ∂ Θ ∂t + u · ∇Θ to differ from 0, isothermal surfaces would be impermeable and 175 strictly follow water parcels. The overall budget for V thus is written as
Practically diagnosing both the adiabatic (M) and diabatic (G) contributions to the water mass 177 inventory change from velocity measurements is difficult. In practice these are therefore deter-178 mined from changes in the volumetric distribution V (Θ * ,t). In the case of RGAC, only the net 179 change in V (Θ * ,t) is readily available. We solve for the monthly transformation rates between 180 temperature classes implied by the monthly dV dt (Θ * ,t) by building a series of linear equations to 181 describe the known volume change in each Θ class in terms of the unknown transformation rates 182 in equation (4) The diathermal transformation G(Θ * ,t) can be split into contributions due to air-sea heat fluxes 190 E(Θ * ,t) and mixing F(Θ * ,t) as
Using a method similar to Speer (1993), we calculate the rate of water entering the Θ * ± ∆Θ/2 192 class due to air-sea heat fluxes as E(Θ * ,t) = e(Θ * − ∆Θ/2,t) − e(Θ * + ∆Θ/2,t) with, for example 193 e(Θ * − ∆Θ/2) = 1
where q net is the net surface heat flux (W m −2 ), ρ is the mean density over the Θ * −∆Θ/2 isotherm, 194 and C p is the specific heat capacity of seawater. Here, Π is a boxcar function that is either 1 when 195 Θ(x, y, z,t) is within the (Θ * − ∆Θ/2) ± ∆Θ/2 range, or otherwise 0. This computation is carried 196 out using three q net estimates from NCEP/NCAR, ERA-Interim, and ECCO v4. In NCEP/NCAR 197 and ERA-interim we use Reynolds SST to compute equation (6).
198
It should be expected that instrumental and sampling errors would affect the volumetric distri-199 butions and diathermal transformations calculated as part of this study. Specifically, the aliasing 200 of eddy heave by Argo profiles may increase the error associated with our results. In an attempt to 201 quantify such sampling errors we randomly impose a heave of either -30m or +30m to each grid 202 point and time-step in RGAC, but uniformly to all depths for each grid point. Therefore, a given 203 grid point at (x, y) and a heave of 30m for example, Θ(x, y, z,t) becomes Θ(x, y, z + 30m,t). We do 204 not decrease the heave to zero at the surface so that if z+30m is above the sea surface, Θ is returned 205 to its original value at 0m. This simple approach serves to illustrate the effect of heave, while only 206 imposing a small bias to the surface Θ/S A classes. We then re-calculate the water mass volumes 207 and the resulting implied transformations and subtract them from the reference result ( Fig. 2 ).
208
The induced error in water mass volume is an order of magnitude less than the variability in water 209 mass volume ( Fig. 2a ). The added eddy heave does however generate relatively large variability in 210 the implied month to month transformation rates ( Fig. 2b) . A similar check using a representative 211 instrumental error for temperature sensors used on Argo floats (0.002 • C) had a limited impact on 212 the calculated water mass volumes and diathermal transformations, giving variations that were 1-2 213 orders of magnitude smaller than the respective anomalies of these variables. 214 c. Calculation of the volume change due to the divergence of transport in the subtropical gyre 215 We calculate the volume change in Θ coordinates due to transport changes, M, using fields for and calculate the divergence of the monthly mean transport for each Θ class. From these changes 221 we then determine the implied volume fluxes between Θ classes as described above. shows that waters entering the domain (warm colors) are generally warmer and fresher than the 239 water that leaves the domain (cool colors) as part of the southward recirculation of the gyre. Using 
291
Anomalies in the volume of water warmer than 10 • C can be computed by integrating dV dt with 292 respect to time and summing over temperature classes according to
where the 'prime' denotes that the mean seasonal cycle of dV dt was subtracted. In Fig. 5(d than 10 • C rather than across the 10 • C isotherm, so that the total volume warmer than 10 • C remains 305 unchanged. The RGAC data is again dominated by noise making it difficult to assess the variability 306 shown in Fig. 5(d) .
307
The adiabatic term, driven by the divergence of transport at the boundaries of our domain, can Anomalies in the heat content of water warmer than 10 • C can then be computed according to
where ρ 0 is a reference density and c p is the (constant) specific heat capacity of water so that H has In the discussion below all correlations are significant at the 95% confidence interval during the term, which has a standard deviation of 1.7×10 21 J. From equations (4) and (5), differences be-338 tween the sum of the air-sea flux and advective terms and the total H allude to the contribution 339 of mixing, but some of this difference may also be due to an insufficient temporal resolution since 340 we use monthly fields in our computations.
341
The contribution of the adiabatic advective terms in Fig. 6 and Fig. 7 to the negative anomalies 342 during the winters of 2009/10 and 2010/11 suggests that a lateral re-arrangement of water masses 343 across the mid-latitude North Atlantic is related to the abrupt, short-term decline in the AMOC at 344 26 • N during these winters. At 26 • N, the negative volume flux anomalies in Fig. 6(a) -(c) and the 345 negative slope of the cyan dashed curve in Fig. 7(a) imply a reduction in the upper-ocean exchange 346 of warm/fresh and cold/salty water driven by the gyre circulation and an increased transport in 347 the deep ocean ( Fig. 3 and section 2c) . At 45 • N, the negative volume flux anomalies in Fig.  6 (a)- (c) and the negative slope of the cyan dotted curve in Fig. 7(a) suggest an increase in both the northward transport of warm water and/or southward transport of cold water in the winter volumetric change due to a divergence above the thermocline and a convergence below, consistent 352 with our inferred volumetric changes (Fig. 4) and with the negative anomalies in Fig. 6 . However, there is also a general agreement between the two estimates regarding broad patterns of 363 deepening (e.g., in the subpolar gyre, the eastern Atlantic, and over the Gulf Stream) and shoal-364 ing (e.g., in the western subtropics and tropics, and along the North Atlantic drift). In particular 365 the overall shoaling seen in both estimates between 26 • N and 45 • N, which is of most concern to 366 this paper, appears to be a robust feature rather than an artifact due to a particular methodological 367 choice.
368
During the period of reduced AMOC, a southward shift in the zonal wind-stress maximum (Fig. 369 8(d)) precedes this shoaling (Figs. 8(c) and 9(b) ). Note that the southward shift of the westerlies Volume anomaly (V ; equation (7)) for temperatures greater than 10 from OAFlux (black). Time-integrated vertical velocity anomaly (with respect to the monthly-mean for 2004-2012) at the 10 • C isotherm from ECCO v4 (red). Volume anomaly (V ) from ECCO v4 transport divergence (from Fig. 7(a) ) scaled by the surface area of the 10 • C isotherm (cyan). Units: m. Dashed lines correspond to the similarly colored solid lines of heat content anomaly (H ) shown in Fig. 7(b) .
